Realistic texture-based modelling methods, that is microstructural modelling and micromechanical modelling, are developed to simulate the rock aggregate breakage properties on the basis of the rock actual microstructure obtained using microscopic observations and image analysis. The breakage properties of three types of rocks, that is Avja, LEP and Vandle taken from three quarries in Sweden, in single aggregate breakage tests and in inter-aggregate breakage tests are then modelled using the proposed methods. The microstructural modelling directly integrates the microscopic observation, image analysis and numerical simulation together and provides a valuable tool to investigate the mechanical properties of rock aggregates on the basis of their microstructure properties. The micromechanical modelling takes the most important microstructure properties of rock aggregates into consideration and can model the major mechanical properties. Throughout this study, it is concluded that in general, the microstructure properties of rock aggregate work together to affect their mechanical properties, and it is difficult to correlate a single microstructure property with the mechanical properties of rock aggregates. In particular, for the three types of rock Avja, LEP and Vandle in this study, crack size distribution, grain size and grain perimeter (i.e. grain shape and spatial arrangement) show good correlations with the mechanical properties. The crack length and the grain size negatively affect the mechanical properties of Avja, LEP and Vandle, but the perimeter positively influences the mechanical properties. Besides, the modelled rock aggregate breakage properties in both single aggregate and inter-aggregate tests reveal that the aggregate microstructure, aggregate shape and loading conditions influence the breakage process of rock aggregate in service. For the rock aggregate with the same microstructure, the quadratic shape and good packing dramatically improve its mechanical properties. During services, the aggregate is easiest to be fragmented under point-to-point loading condition, and then in the sequence of multiple-point, point-to-plane and plane-to-plane loading conditions. Copyright
INTRODUCTION
Rock aggregates are used for road and railway construction, for the manufacture of asphalt and concrete, and for many other purposes. Thus, the availability of high quality, low cost and environmentally friendly rock aggregates and their recirculation are important for the development of a sustainable society. In recent years, because of the increasing expansions of constructions and the introduction of strict laws on using natural aggregate resources throughout the world, the relative amount of crushed bedrock for producing rock aggregate has been steadily increasing.
Traditionally, the selection of rock aggregate is based on three main criteria [1] : (i) experience; (ii) reputation; and (iii) mechanical test. With the development of quantitative microscopy and image analysis, more and more researchers [2] [3] [4] [5] [6] realize that the rock microstructure plays an important role in rock aggregate breakage and have therefore been trying to predict the rock aggregate breakage properties by investigating the relationship between the microstructural and the mechanical properties. In most of the studies, the relationship is obtained from two separate processes: on the one hand, the microstructural properties of rock aggregates are quantified through microscopic method and image analyses; on the other hand, the mechanical properties are evaluated by laboratory mechanical tests. The two separate processes are then correlated using statistical single-variable or multiple-variable regression analyses. Therefore, most of the studies investigate the relationship between the microstructural and the mechanical properties of rock aggregates in an indirect way instead of directly explaining the physical mechanisms. Moreover, most of the studies only correlate the mechanical properties of rock aggregates with a single microstructural property, such as mineral composition, grain size, crack and others, which may be the reason why there are usually contradicted results in literatures predicted by different researchers.
Recently, with the rapid development of computing power, interactive computer graphics and topological data structure, numerical modelling has become a powerful technique to investigate the relationship from the mechanics point of view and take some of microstructural properties into considerations. In many numerical models, the microstructures of rock materials have been simply simulated through statistical methods [7] [8] [9] [10] [11] [12] [13] . Although the artificial microstructure generated by these statistical models can represent many key attributes of the rock breakage, it remains unclear to what extent the artificial microstructure can be justified on rock actual microstructure and how quantitative results from microscopy observations and image analyses can be used. These artificial microstructures are prevailing in rock mechanics because there had been lack of tools or methods to quantitatively establish the actual rock microstructure. More recently, Chen et al. [14] used digital image processing techniques to acquire the internal structures of different mineral distribution from colour rock image and incorporate them into the commercial numerical software FLAC to model rock breakage in Brazilian tests. Zhu et al. [15] implemented the same method as Chen et al.'s to incorporate the microstructure into a numerical model on the basis of the HSI (hue, saturation and intensity) colour space of a digital image. However, their so-called digital image processing technique introduces rock microstructure still in an artificial way because the parameters in their model are specified based on artificial specification of reasonable values according to the pixel colour. The authors [16] incorporated mineralogical heterogeneity into a numerical model to investigate the effect of minerals such as quartz, feldspar and biotite on the strength and deformation characteristics of rock. This study is the extension of the authors' previous work [16] and will incorporate the real microstructure obtained through quantitative microscopy and image analysis to model the rock aggregate breakage properties.
The main objective of this paper is to present a realistic texture-based modelling method for characterising the rock aggregate breakage properties according to its actual microstructure using integrated microscopic observation, image analysis and numerical modelling. More specifically, rock samples are firstly collected from several quarries of rock aggregate production. The microstructure of the rock samples is then characterised using quantitative microscopy and image analysis techniques. Thirdly, microstructural modelling and micromechanical modelling methods are developed for incorporating the actual microstructure into the numerical modelling. Finally, the breakage properties of rock aggregate in various loading conditions are predicted using either microstructural modelling or micromechanical modelling. sampled in the Stockholm and Västerås areas. The third sampled rock type is a Bohus granite from west Sweden, which is named as Avja. Cores with a diameter of 40 mm are drilled for each type of rock, and these cores are then used for microscopic observations and subsequent mechanical tests presented in Section 3. The microscopic observations and image analyses are conducted following the method developed by Åkesson [17] .
Thin sections are cut from samples oriented parallel and perpendicular to the drill-core axis and then vacuum impregnated with an epoxy resin containing fluorescent dye. The thin section is fixed on a motorised stage programmed so the images are photographed edge-to-edge creating a 12-image mosaic. The thin section is then observed using optical microscopy with fluorescent light and polarised light, and correspondingly two 12-image pictures are obtained for each sample. The area of each picture is 3.977 × 3.997 mm, and the resolution is 2304 × 2320 pixels. For each rock type, three to four thin sections are observed, and thus up to an area of 128 mm 2 are analysed. The fluorescent and polarised images were finally combined together as a basis for quantifying the microstructure. Figure 1(a) shows an example of the combined mosaic images of Avja, LEP and Vandle.
The mineral compositions of the rocks are obtained using the point count analysis on microscopic image. Grain size is obtained through drawing randomly draw transverse on microscopic image and then measuring the maximum ferret diameter on each mineral cutting a traverse. In order to identify different types of cracks, the combined images are printed with a size of 272 × 269 mm and by using transparent paper, each crack type was traced and coloured (black, intra-granular; green, grainboundary; and red, trans-granular). The line drawings were scanned into the computer, and by using RGB-threshold technique, the number and length of the different crack types could be measured separately.
NUMERICAL METHOD FOR MODELLING ROCK AGGREGATE BREAKAGE
Formation and unstable growth of microcracks caused by the material inhomogeneities and external force is considered to be the mechanism of brittle failure [18] in rock breakage. The modelling of crack initiation, nucleation, propagation and interaction has been one of the greatest challenges in material failure analysis. Finite element method (FEM) is a widely used tool in engineering analysis because failure induces geometrical discontinuity in the medium. Traditionally, the effects of discontinuities have been modelled in FEM using higher-order shape functions or enrichment functions such as joint elements. However, this method can usually model single discontinuities with simple geometry and is not suitable for modelling discontinuities in the fracture of heterogeneous materials such as rock because there are a large number of cracks during fracture. On the other hand, classical continuum mechanics based approaches such as damage mechanics can be implemented into FEM without element-level modifications. At this moment, no commercial finite element software provides proper tools for brittle failure in heterogeneous rock. In this study, the RFPA-RT code, which is the rock and tool interaction code [19] developed by the authors on the basis of the realistic failure process analysis model [7] , the FEM and continuum damage mechanics (CDM), will be used in this study to model rock breakage.
The concepts used in the RFPA-RT code for modelling discontinuities caused by material failure are based on CDM. In CDM, material damaging reduces the elastic stiffness because of breaking of atomic bonds or debonding caused by crack initiation, which is different from the theory of plasticity, where inelastic deformation induces irreversible strains caused by dislocation movement. Thus, in the RFPA-RT code, loss of stiffness can be considered to be a consequence of randomly distributed microcracks and can be macroscopically characterised by a single damage variable. If the damage is assumed to be isotropic, it has the same value in all directions, and the scale damage variable completely characterises the three-dimensional damage state:
where D is the scale damage variable, V D is the damaged volume and V is the whole volume of the representative volume element (RVE). The value of the damage variable is in the range of 0 ⩽ D < 1, where the value of 0 corresponds to undamaged RVE material and the value of 1 to fully broken material. The stress-strain relation for isotropic damage can be expressed as:
During the numerical modelling, the RVE is the finite element in the finite element network. At the beginning of loading, the element is considered to be isotropically elastic, and its elastic properties can be defined by the Young's modulus E 0 and the Poisson's ratio. The stress-strain curve of the element is considered linear elastic until the given damage threshold is attained and is then followed by softening ( Figure 2 ). The maximum tensile stress criterion and the Mohr-Coulomb strength criterion are selected as two damage thresholds. In all cases, the tensile stress criterion is preferable. Under tensile stress, damage occurs when the minor principal strain ε 3 in the element reaches its maximum tensile strain, ε t0 , that is
After the tensile damage occurs, the damage evolution of the mesoscopic element can be expressed as follows:
where σ tr is the residual tensile strength, which is defined as σ tr = λσ t . λ is the residual strength coefficient. ε t0 is the tensile strain at the elastic limit, which is the so-called tensile threshold strain. ε tu is the ultimate tensile strain of the element, which indicates that the element would be completely damaged when the tensile strain of the element attains this ultimate tensile strain. The ultimate tensile strain is defined as ε tu = ηε t0 , where η is called the ultimate tensile strain coefficient. Under compressive stress, damage occurs when the major principle strain ε 1 of the element satisfies the compressive threshold strain prescribed by the Mohr-Coulomb strength criterion, that is
where σ 1 is the major principal stress, σ c is the uniaxial compressive strength (UCS), and ϕ is the internal friction angle. After the compressive damage occurs, the damage variable D can be described as follows:
where σ cr is the residual compressive strength and ε c0 is the compressive threshold strain. When the tensile strain of the fractured element reaches the ultimate tensile strain, the element is completely damaged to represent the crack opening. When the compression strain of the element reaches the re-compaction strain, the element is re-compacted depending on the lateral pressure to represent the crack close. The RFPA-RT code is introduced in detail in a previous thesis [19] . Moreover, the calibration studies on some typical physical-mechanical and fracture mechanics experiments prove that this model can effectively simulate the non-linearity of the stress-strain response, localization of deformation, strain softening, crack initiation, propagation, interaction and coalescence in heterogeneous rock under a variety of quasi-static loadings [12] .
Therefore, during the modelling using the RFPA-RT code, the numerical simulation model is first built for the rock to be investigated. Then the initial boundary conditions are applied on the model, and the elements in the model are brought to the equilibrium state under the initial boundary conditions. After that, a stress disturbance is applied to the numerical model, which may be caused by force loading, displacement loading or stress redistribution. A finite element stress analyser is used to calculate the stress and strain distributions in the finite element network because of the stress disturbance. The calculated stresses are substituted into maximum tensile stress criterion and then the Mohr-Coulomb strength criterion to check whether or not elemental damage occurs. If the strength criterion is not satisfied, the external loading is increased further. Otherwise, the element is damaged and becomes weak according to the rules specified by the mesoscopic elemental mechanical model for elastic damage, which results in a new perturbation. The stress and deformation distributions throughout the model are then adjusted instantaneously after each rupture to reach the equilibrium state. Because of the new stress disturbances, the stress of some elements may satisfy the critical value, and further ruptures are caused. The process is repeated until no failure elements are present. The external load is then increased further. In this way, the system develops a macroscopic fracture.
REALISTIC TEXTURE-BASED MODELLING OF ROCK AGGREGATE BREAKAGE
In this section, the microscopic observation, image analysis and numerical modelling are integrated together to simulate the rock aggregate breakage: image acquisition, image processing, meshing, computation of stress, strain and displacement, crack initiation, propagation, coalescence and interaction. Two methods are proposed for the realistic texture-based modelling: microstructural modelling and micromechanical modelling. In the microstructural modelling, the numerical model is built on the basis of the RVE of the microstructures of the investigated rock aggregate. In the micromechanical modelling, the numerical model is established according to the statistical analysis of quantitative microstructure results.
Microstructural modelling
An RVE of the rock is firstly observed using the microscopic method described in section 2 to obtain the microstructure of the rock. Then the microstructure of RVE is recorded in the memory of the computer, and image analysis is used to simplify the microstructure, to segment the constituent phases and polygon mineral and crack shapes. During the image analysis, the position, morphology and type of the constituent phases are recorded in a data file. After that, a dynamic data exchange module is developed in the RFPA-RT code to receive the data files from the image analysis, and the numerical model is built according to homogenisation theory in engineering geology. Finally, the RFPA-RT code is used to simulate the breakage properties of the built numerical model. 4.1.1. Construction of numerical models according to rock actual microstructure. Figure 1(a) is an example of the combined polarising and fluorescent image of Avja, LEP and Vandle using the method described in section 2. An image analysis program, Particle2D [20] , is used to process the microstructure image, to segment the constituent phases and polygon the mineral and crack shapes. Once the morphological information of the constituent phases has been gained, it is possible to construct the numerical model after specifying the physical-mechanical properties of the major constituent phases, that is quartz, K-feldspar, plagioclase, mica and crack. The physical-mechanical properties of the minerals can be found in the literatures [21, 22] , and it is assumed that cracks are filled with weak materials in this study. The physical-mechanical properties of the minerals and weak materials are summarized in Table I . Figure 1 (b) depicts the corresponding numerical models to the microstructures of RVEs shown in Figure 1 (a). In Figure 1 (b), the same mineral has been marked with the same colour, and the different grey degrees represent the relative size of the elastic modulus of different constituent phases. The brightest grey scale represents quartz and the darkest represents crack filled with weak materials.
The RVE is usually very small, but the specimens of rock in mechanical tests are relatively large in comparison with the RVE. The numerical model corresponding to the specimens in mechanical tests can be constructed according to the RVE of a specimen on the basis of the homogenisation theory in engineering geology. In homogenisation theory, it is usually assumed that a composite material is locally formed by the spatial repetition of very small microstructures, that is microscopic cells, when compared with the overall macroscopic dimensions of the structures of interests. Here, the RVE is the microscopic cell. Thus, the numerical models for mechanical tests are built by the spatial repetition of the microstructure of the RVE. The size of RVEs for the three types of rock in this study is 4 mm × 4 mm, which is determined mainly according to two criteria: (i) the RVE should include all of heterogeneities such as minerals, cracks and pores in that rock type; and (ii) the maximum size of heterogeneities should be relatively small compared with the dimensions of the RVE. However, further works are needed to study the size of the RVE more carefully. In Figure 3 , the rock LEP is used as an example to show how numerical models for various numerical tests of LEP can be constructed on the basis of the microstructure, where the size of the element is 0.05 mm. It can be seen that all of the specimens have a characteristic length of 10 mm because the rock aggregates with this size are used in most of the rock aggregate tests.
Calibration of the microstructural modelling.
The numerical model built in section 4.1.1 for the UCS test is loaded to failure using the RFPA-RT code. Figure 4 (a) records the failure process of LEP in the UCS test. The corresponding force -displacement curves are plotted in Figure 5 . It can be seen that the failures firstly occur in the weak materials filling in the pre-existing cracks, and the tensile failures are the main mechanics. Those failures make the pre-existing cracks open. Then, the continuous loading displacement causes some pre-existing cracks to close again. As the loading displacement increases, some pre-existing cracks are caused to propagate. It is found that most of the crack propagations occur in the minerals of K-feldspar and plagioclase, which form the transgranular cracks. When the quartz mineral is located in front of the crack propagation, the cracks usually propagate following the boundaries of quartz to form the grain boundary cracks, except that the propagating crack meets the pre-existing crack in the quartz mineral. With the loading displacement increasing, the individual cracks coalesce with each other to form long cracks, which correspond to the post-failure region of the force -displacement curve in Figure 5 . Finally, the long cracks further propagate to gradually form the failure surfaces, which are the shearing and slipping region in Figure 5 . It seems that tensile splitting failures are the main mechanisms to form final failure surfaces. Therefore, the obtained force-loading displacement curve and the observed failure process are consistent with those recorded in literatures [23, 24] , which indicate that the proposed microstructural modelling method is reasonable. Figure 4 On the basis of the peak loads and the linear parts of the force, the displacement curves, the UCS σ c and the elastic modulus E can be calculated. On the other hand, the UCS tests are experimentally conducted to obtain the UCS and elastic modulus of Avja, LEP and Vandle. Table II summarizes the modelled UCS and elastic modulus and the comparisons with the experimental results. It can be seen that the numerical results consist with the experimental results quite well with the complex of the problem in the mind, which further reveals that the microstructural modelling is reliable. For the rocks LEP and Vandle, the numerical results are a little bit higher than the experimental results, which are reasonable because in the microstructural modelling, the mineral grain size is relatively bigger compared with the size of the specimen, and there are size effects. In the experiments, one of the specimens of Vandle possesses very low UCS compared with other specimens. The reason is that there are obvious macroscopic defects on that sample. For Avja, the numerical results are a little bit lower than the experimental results, which cannot be explained using size effects. The reason is that the cracks in the microstructure of RVE of Avja may be overestimated. During the image analysis, the other minerals than K-feldspar, plagioclase, quartz and mica are identified as cracks. Maybe, those are the reasons why the numerical results are a little bit lower than the experimental results.
Therefore, on the basis of the qualitative similarity in the comparisons between modelled stressstrain curves and failure processes for Avja, LEP and Vandle, and those recorded in literatures, and the quantitative comparison between the numerical and experimental UCS and elastic modulus, it is reasonable to conclude that the microstructural modelling has a high degree of validity and is reasonably reliable. The method measures that are supposed to measure and the predictions are in fairly good agreement with laboratory results, considering the complexity of the problem. REALISTIC TEXTURE-BASED MODELLING OF ROCK AGGREGATE BREAKAGE loading conditions irrespective of whether it is loaded directly by the traffic or by other rock aggregates [25] as follows: (i) point-to-point loading; (ii) plane-to-plane loading; (iii) point-to-plane loading; and (iv) multiple-point loading. Here, the breakage properties of Avja, LEP and Vandle in single rock aggregate breakage tests under the four typical loading conditions are investigated using the microstructural modelling introduced earlier. It can be seen that these four typical loading conditions are more or less related to the loading conditions in Brazilian tests. Therefore, the Brazilian numerical tests are also conducted for the three types of rock because the Brazilian test is well documented than any other single rock aggregate breakage tests. The modelled fracture patterns are depicted in Figure 6 for the three types of rock under various loading conditions. In Brazilian numerical tests, the pre-existing crack near the central line of the disc propagate radially outward, giving rise to a diametral fracture plane with many small branches and following tortuous Under the point-to-point loading condition, the rock aggregate is loaded between two points. Main tensile cracks are created through the piece from one loading point to the other because the tensile strength of rock aggregate is much lower than its compressive strength. For the rock LEP, two main tensile cracks propagate between the two loading points, and the aggregate is broken into three smaller progenies because the strong mineral -quartz -is located along the line connecting the two loading points. Minor cracks cluster around the loading points. In fact, this kind of failure mode is rather similar to that induced in the conventional Brazilian test introduced earlier.
Under the plane-to-plane loading condition, the aggregate is loaded between two approximately parallel planes. At first, a number of tensile cracks are initiated at the irregular corners. Then the tensile cracks propagate to form surface splitting, and the irregular parts of the aggregate are spalled. Finally, in the central portion of the aggregate, shear cracks propagate to form through-going localized faulting, and the remaining aggregates are fragmented into two parts. In fact, after the surface chipping, the aggregate breakage test under plane-to-plane loading conditions is similar to the conventional uniaxial compression test.
Under the point-to-plane loading condition, the aggregate is loaded in a mixture of point-to-point and plane-to-plane loading conditions. The fracture pattern shows an actinomorphic distribution with numerous minor cracks around the vicinity of the upper loading point and a major splitting crack extending till the bottom loading platen. In fact, the point-to-point loading condition is rather similar to the well-known indentation test. There is a local crushing zone around the upper loading points. A few long cracks are propagated out of the local crushing zone to form Hertzian cracks and median cracks. Under the three-point loading conditions, first the major tensile fracture initiates at the middle of the lower surface between the two bottom loading points and propagates upwards. But the fracture propagation then stops. After that, depending on the locations of the loading points, cracks develop around the contact points and propagate along the direction connecting the contact points.
It can be seen from the comparisons between the modelled fracture patterns of Avja, LEP and Vandle that depending on the microstructure, the crack propagation path varies, but the three types of rock have the similar fracture patterns. Quantitative results will be given later in comparison with the calculated results from micromechanical modelling. 
Micromechanical modelling
As introduced in section 1, in previous studies, the microstructures of rock materials have been characterised by using statistical tools. For example, in our RFPA-RT code, the microstructure of rock is described by assigning different material properties to the elements in the numerical model following Weibull distributions. However, it remains unclear to what extent the statistical assumptions on local strength can be justified on rock microstructure and how quantitative microscopy and image analysis results can be used to constrain the statistical model. In this section, the micromechanical modelling will be proposed to construct numerical models on the basis of the quantitative microscopy and image analysis results and then simulate the rock aggregate breakage properties. Again, the three types of rock Avja, LEP and Vandle are used as examples.
4.2.1. Micromechanical model for characterising rock microstructure. In the RFPA-RT code, a heterogeneous material model has been proposed to build the numerical model on the basis of Weibull distribution [19] . According to the heterogeneous material model, it is assumed that each element in the finite element model possesses different physical-mechanical parameters following the Weibull distribution
where σ is the elemental parameter, σ 0 is the elemental seed parameter and m is the homogeneous index describing the scatter of the elemental parameter. The integral distribution function of Weibull distribution can be derived as
In the heterogeneous material model, the assumptions are made that the overall failure is primarily controlled by the weaker elements and that the strength of the weakest element is vanishingly small.
Recently, a number of attempts [6, 16, 26] have been made to correlate the parameters in the Weibull distribution with the quantitative microstructure results from microscopic observation and image analysis. In the following, the homogeneous index m in the RFPA-RT code will be correlated with the rock microstructure using the method originally proposed by Wong et al. [26] , and the seed parameter σ 0 is determined according to the empirical formula proposed by Liu et al. [16] .
Firstly, a brief review of the method is presented to show how to determine the homogeneous index m. The heterogeneity in a brittle rock is intimately related to the defects statistics, for example micropores and microcracks. When the rock is loaded, one or several of the larger defects in the rock are caused to propagate, as simulated in the microstructural modelling. In a typical defect size distribution observed in heterogeneous rock, the extremal size distribution of defects larger than a certain size a 1 can be fitted using the distribution function of the Cauchy type
where a is the half-length of defects, q* is the extremal parameters and z is defect size distribution shape index or called fractal index. After a series of transformation performed by Wong et al. [26] , the probability that the defects in a larger volume, V, are larger than a 1 can be expressed
where V 0 is the elemental volume and a′ is a length scale defining the lower limit of crack length described by the power law. By applying the fracture mechanics relation K IC ¼ Yσ ffiffiffiffiffi πa p , the cumulative probability that failure develops at stresses less than σ is given by
Therefore, by comparing the integral distribution function of Weibull distribution and the equation describing the probability that fracture occurs under a certain stress, the homogeneous index in the heterogeneous material model relates to the rock microstructure, actually, the defect size distribution, by
The seed parameter σ 0 is related to the microstructure by
The main uncertainty in Wong et al.'s [26] procedure lies on the fact that various ways can be used to formulate a 'defect size distribution' in different types of rock. In their studies, the number of cracks, the number of counted cracks per unit scanned, the volume per grain size and the relative frequency have been applied to formulate the defect size distribution. On the basis of those works, further studies should be conducted regarding the determination of the seed parameter in the procedure. In this study, two empirical formulas proposed by Liu et al. [16] are used to determine the seed parameter in the heterogeneous material model 
where σ c and E c are the compressive strength and the elastic modulus, respectively, obtained from mechanical tests; σ 0 and E 0 are the seed parameters of the compressive strength and the elastic modulus, respectively, in the heterogeneous material model; and m is the homogeneous index.
In the three types of rock Avja, LEP and Vandle under investigation, the main defects in their microstructures are cracks according to the microscopic observations. Figure 7(a) shows the size distributions of cracks observed in Avja, LEP and Vandle using microscope with fluorescent light. As introduced earlier, it is the large defects, that is cracks in this study, that mainly relate to the rock breakage. Thus, the distributions of large cracks (larger than 0.3 mm) in Avja, LEP and Vandle are redepicted in Figure 7 
Thus, the homogeneous index in the heterogeneous material model can be determined for the three types of rock. Besides, the seed parameters can be calculated using the equations introduced earlier on the basis of results from mechanical tests. Table III summarized the calculated results, which will be used as input parameters for the micromechanical modelling of rock aggregate breakage in the next section.
4.2.2.
Micromechanical modelling of breakage of single rock aggregate under typical loading conditions. In this section, the single rock aggregate breakage tests in Section 4.1.2 are simulated again using the method of micromechanical modelling, and the obtained results are compared with those obtained using homogenisation modelling. Figure 8 records the modelled fracture patterns of single rock aggregate in the Brazilian test, and under the point-to-point, plane-to-plane, point-to-plane and multiple-point loading conditions. It can be seen from the comparison between Figures 6 and 8 that the main fracture patterns obtained from the micromechanical modelling are similar to those simulated using the microstructural modelling. REALISTIC TEXTURE-BASED MODELLING OF ROCK AGGREGATE BREAKAGE However, in general, the crack propagation in the microstructural modelling follows more tortuous paths than those in the micromechanical modelling. Moreover, the force -displacement curves from the micromechanical modelling -indicate more brittle behaviours compared with those from the microstructural modelling. These differences are caused by the detail rock microstructures. The microstructure of rock is known to influence its strength and deformation characteristics. Eberhardt et al. [27] showed that the grain size had a significant effect in controlling the behaviour of the cracks once they began to propagate. That is why the crack propagations in microstructural modelling have more tortuous paths than those in micromechanical modelling because the grain size in microstructural modelling in this study is relatively bigger compared with the size of the specimen. The tortuous crack propagations result in more progressive behaviours of the force-loading displacement curves in microstructural modelling. Table IV compares the modelled aggregate tensile strength, aggregate stiffness and energy utilization ratio of Avja, LEP and Vandle under the various loading conditions using microstructural modelling and micromechanical modelling. Comparing with the results from the microstructural modelling, it is found that most of the results obtained from the micromechanical modelling are smaller. Actually, the results from the micromechanical modelling are closer to the experimental results than those from the microstructural modelling, which can be seen by comparing the modelled aggregate tensile strength and the elastic modulus from the modellings with the experimental tensile strength from Brazilian test (Table V) and elastic modulus from UCS test (Table II) . The reasons why the results from microstructural modelling are a little bit far from the experimental results are the influences of the grain size and the specimen size. In microstructural modelling, the grain size is relatively bigger compared with the specimen size, which will control the crack propagation behaviour and then influence the aggregate tensile strength and stiffness. Thus, in order to eliminate the influence of the grain size, as much as possible, the size of the investigated numerical model should be much bigger than the size of the included grain in microstructural modelling. However, on the other hand, the numerical model with a bigger size means more elements should be used, which require the computer with a bigger computer capacity and a faster calculation speed. With the limited computer capacity and calculation speed in the mind, micromechanical modelling is a good method to simulate the breakage properties of rock aggregate with a big size. Therefore, the inter-aggregate breakage will be only modelled using the micromechanical modelling.
Micromechanical modelling of the inter-aggregate breakage in the Dutch Static Compression test.
The Dutch Static Compression (DSC) test is initiated in the Netherlands for determining the fragmentation resistance of aggregates [28] . The DSC test is performed by crushing the aggregate with a size fraction d~D (where d ≈ 10mm and D ¼ ffiffiffiffiffi 2d p ) in a compression testing machine using a cylindrical steel mould. The test specimen is then sieved on a test sieve with aperture size d/2, and the result of the test, the DSC value, is the amount of the test specimen that passes the test sieve, expressed as a percentage by the mass of the test specimen.
In this section, the micromechanical modelling of the DSC tests is conducted for the three types of rock: Avja, LEP and Vandle. In the micromechanical modelling, the numerical model consists of a crushing chamber and 15 randomly packed rock aggregates with the diameter of the equivalent circle area between 10-14 mm where the individual aggregate is subjected to an arbitrary set of contact forces, as shown in Figure 9 (a). In the simulation, the axial load is increased by moving the upper loading platen downwards step by step in a displacement control fashion. In the model, the walls of the crushing chamber impose a horizontal constraint against the particles inside, which provides the necessary confined condition for the multiple aggregate breakages. At the beginning of loading, the splitting macroscopic cracks are initiated and propagate along the lines connecting the two highest stressed contact points consistent with the main loading direction in the rock aggregates loaded under point-to-point loading conditions, for example the aggregate numbers 4, 6, 8, 9 and 14 in Figure 9 (b). The tensile cracks are also generated between two stressed contact points, the connecting line of which is not consistent with the main loading direction in the rock aggregates loaded under multiple-point loading conditions, for example the aggregate numbers 8 and 9 in Figure 9 (b). As the loading displacement increases, numerous cracks are initiated around certain contact points, and those cracks propagate out of the contact points to form actinomorphic distributions around the vicinity of the contact points in the rock aggregate loaded under point-plane loading conditions, for example the aggregate numbers 8 and 9 in Figure 9 (c). Finally, the rock aggregates in the crushing chamber loaded under the plane-to-plane loading conditions are crushed into failures, which results in numerous small progenies, for example the aggregate no. 3 in Figure 9 (c). Some aggregates still remain intact because of their particular shapes and loading conditions, for example the aggregate no. 15 in Figure 9 (c). Therefore, it can be seen that in general, the interaggregate breakage processes in the DSC tests follow the breakage procedure identified in the single aggregate breakage tests, that is the aggregate breaks in the sequence under the point-to-point, multipoint, point-to-plane and plane-to-plane loading conditions. However, in the inter-aggregate breakage process, the breakages of aggregates under the four loading conditions are actually interlaced with each other, and it is difficult to distinguish which aggregate breakages are caused by loads in which loading conditions. The fracture patterns obtained in the micromechanical modelling of the DSC tests of Avja, LEP and Vandle do not show a big difference. Thus, only the fracture patterns for Vandle are shown in Figure 9 . In order to quantify the difference, the fracture patterns of Avja, LEP and Vandle obtained in the DSC numerical tests under different loading levels, that is the loading displacements of 0.15, 0.3, 0.45 and 0.6 mm are analysed using the image analysis program, Particle2D [20] , to calculate the DSC strength. The image analysis is conducted according to the following procedure: (i) processing the image; (ii) segmenting and polygoning the fragment; (iii) modifying the errors manually; and (iv) calculating the fragment size, which is defined as the diameter of the equivalent circle area to the area of the fragment. On the basis of the obtained fragment size distribution, it is possible to calculate the DSC value. In this study, the area of the fragments or the aggregates is used instead of the weight because the density is assumed as the same, and the problem is simplified as a two-dimensional plain strain problem. Similar to the experimental DSC test, the fragment with a size smaller than the half size (i.e. 5 mm) of the original aggregate is regarded as passing the sieve. Table VI summarizes the calculated DSC values of Ävja, LEP and Vändle under various loading displacements (Steps). It can be seen that the calculated DSC value of Avja is obviously higher than those of LEP and Vandle, and consequently Avja is easier to fragment. The difference between LEP and Vandle under the various loading conditions is very small: in the initial loading stage (0.15 and 0.3), LEP is easier to fragment but stronger in later stages (0.45 and 0.6). This may be caused by the different heterogeneous microstructures. According to the micromechanical model, LEP has a more heterogeneous microstructure than Vandle. During the first stage of the loading process, there are more aggregate breakages in the DSC test of LEP because it has a more heterogeneous microstructure, but its strength and stiffness are similar to those of Vandle. During the final stage of the loading process, a lot of aggregates break simultaneously in the DSC test of Vandle because Vandle has a more homogeneous microstructure than LEP. However, the difference between the DSC strengths of LEP and Vändle under the various loading displacement is very small, which shows that LEP and Vändle have similar breakage properties.
The DSC tests of Avja, LEP and Vandle were also conducted in a laboratory, and the obtained DSC strengths are listed in Table VI . The comparison between the experimental and numerical DSC strengths indicates that the calculated DSC strengths under the loading displacement of 0.3 mm are close to the experimental results. The consistency between the experimental and the numerical DSC strengths reveals that the micromechanical modelling proposed in this study may provide a robust tool to evaluate rock aggregate breakage properties.
DISCUSSIONS

Microstructural modelling and micromechanical modelling
Two kinds of methods, that is microstructural modelling and micromechanical modelling, are proposed in this study to model the rock aggregate breakage properties according to the realistic rock texture. In both methods, the microscopic observation, image analysis and numerical modelling are integrated to investigate the rock aggregate breakage properties. The single rock aggregate breakage tests and the inter-aggregate breakage tests of three types of rock Avja, LEP and Vandle are used as examples.
In the microstructural modelling, the actual microstructure of rock is used in a direct way to model the rock aggregate breakage properties. Thin sections are firstly prepared from the samples of the investigated rock and then observed using the microscopes under polarising lights and fluorescent lights to obtain the rock microstructure. After that, the image analysis is used to simplify the microstructure, to identify the mineral composition, and to segment and polygon mineral grains and cracks to obtain the morphological information. Finally, on the basis of the results from the image analysis, numerical models are built and loaded to investigate the rock aggregate breakage properties.
In the micromechanical modelling, on the basis of the idea that in the heterogeneous brittle material, the defects mainly controls the material breakage properties, the numerical models are built according to a heterogeneous material with a homogeneous index and a series of seed parameters following the Weibull theory. For a specific rock, the homogeneous index is calculated according to the quantitative microscopic observation and image analysis results of the actual rock microstructure. The series of seed parameters are determined on the basis of the results from mechanical tests following the empirical formula. Finally, the numerical models are loaded to investigate the rock aggregate breakage properties.
In the numerical simulations of rock aggregate breakage tests using the microstructural modelling, the results are, in general, a little bit bigger than the experimental results because of the size effects. In the experimental test, specimens with a size of 54 mm are used, but in the numerical test, specimens with a size of 10 mm are used. Thus, it is reasonable that the numerical results are a little bigger than the experimental results. Moreover, in the numerical simulation, the grain size is relatively bigger compared with the specimen size, which will influence the crack propagation behaviour during the failure process. It should be noted that for the rock Avja, the numerical results obtained in the uniaxial compressive tests are a little bit smaller than the experimental results, which, we guess, is caused by the numerical model overestimates of the cracks in Avja, because the other minerals than K-feldspar, plagioclase, quartz and mica in Avja are identified as cracks during the image analysis. The results from the single aggregate breakage tests under various loading conditions indicate that Vandle is stronger than LEP, as well as Avja and LEP is stronger than Avja in terms of the aggregate tensile strength and the aggregate stiffness.
In the numerical simulations using the micromechanical modelling, the simulated aggregate tensile strength and aggregate stiffness are very close to the experimental results. The results from single aggregate tests under various loading conditions reveal that Avja is obviously weaker than LEP and Vandle in terms of the aggregate tensile strength and applied work. However, LEP and Vandle are similar to each other. In some loading conditions, Vandle is stronger than LEP, but in other loading conditions, Vandle is weaker than LEP.
The comparisons between the microstructural modelling and the micromechanical modelling indicate that the results from the micromechanical modelling are closer to the experimental results. Moreover, it is found that the results obtained from the single aggregate breakage tests under various loading conditions using the microstructural modelling are higher than those using the micromechanical modelling, which is caused by the influence of the grain size in size effects. In the micromechanical modelling, the grain size is actually the elemental size, which is very small compared with the specimen size. Thus, the grain size has a minor influence. In the microstructural modelling, the mineral grains are represented by various elements, which are relatively bigger compared with the specimen size. Therefore, the grain size has a big influence on the aggregate breakage properties. According to Eberhardt et al. [27] , the grain size has a significant effect in controlling the crack propagation behaviour. Actually, from the modelled fracture processes, more tortuous crack propagation paths are observed in the microstructural modelling compared with those in the micromechanical modelling.
Moreover, it seems that the microstructural modelling successfully explains why Vandle is stronger than LEP as well as Avja, and LEP is stronger than Avja. The micromechanical modelling also successfully explained why Vandle and LEP are stronger than Avja, but it fails to distinguish Vandle from LEP. The reasons may be that, actually, the differences between Vandle and LEP are too small for the micromechanical modelling to distinguish them or that in micromechanical modelling, the input parameters for Vandle are underestimated because the UCS of one of the samples from mechanical tests is very low compared with that of the others. Actually, it is found that there are obvious macroscopic defects on the sample. Future studies are needed to clarify the subject. Thus, until this moment, it is difficult to conclude that the microstructural modelling is better than the micromechanical modelling. In the authors' opinions, those two methods can be used to supplement each other. The microstructural modelling considers all of the microstructure properties in a direct way. Thus, it can be used to model how the aggregate microstructure properties, such as the mineral composition, grain size, grain shape, grain spatial arrangement, porosity, crack and others influence the aggregate mechanical properties. However, the disadvantages of the microstructural modelling are that: (i) taking the limited computer capacity and calculation speed into consideration, it is difficult for the microstructural modelling to simulate the breakage properties of rock aggregates with bigger sizes. That is why when the inter-aggregate breakages in the DSC tests are modelled, the micromechanical modelling is used; and (ii) in the microstructural modelling, it is time-consuming to conduct the image analysis, that is to simplify the microstructure, to identify the composition, and to segment and polygon the composition phases. Currently, a semi-automatic image analysis is used. In the future, it is expected to be replaced by fully automatic image analysis systems. The micromechanical modelling considers the most important microstructure property, that is the heterogeneity in an indirect way, that is on the basis of the Weibull theory. Besides, the micromechanical modelling also uses the physicalmechanical properties from mechanical tests as input parameters. That is why the results from micromechanical modelling are closer to the experimental results compared with the homogenisation modelling. It can be seen that the micromechanical modelling can seize on the most important features that the aggregate microstructure properties influence the aggregate mechanical properties, but it seems that it is difficult to say at this moment that the micromechanical modelling can distinguish the small differences between the different types of rock. Furthermore, compared with the microstructural modelling, the micromechanical modelling has the advantages in simulating the breakage processes of rock aggregates with a big size, for example, the inter-aggregate breakage process in the DSC test.
Relationship between microstructure and breakage properties of rock aggregate
As described in the introduction, most of the previous studies investigate the relationship between the microstructure and mechanical properties of rock aggregates in two separate processes. On the one hand, the microstructure properties are characterised using optical and scanning electronic microscope. On the other hand, the mechanical properties are obtained through mechanical tests. After that, various kinds of regression models are used to correlate the microstructure properties with the mechanical properties. Thus, these kinds of studies investigate the relationship in an indirect way instead of directly explaining the physical mechanisms. Moreover, most of the previous studies only correlate the mechanical properties of rock aggregate with a single textural property, which results in many contradicted conclusions in literatures because all of the microstructure properties actually work together to affect the mechanical properties of rock aggregates. In this study, the numerical modelling is used as a main tool to directly investigate the relationship between the microstructure and the mechanical properties of rock aggregates, that is from the mechanics point of view. In the microstructural modelling, all of the microstructure properties of rock aggregates influencing their mechanical properties are considered. In the micromechanical modelling, the most important microstructure properties, that is the defects, are incorporated. In the following, the main microstructure properties are examined one by one to show how they influence the breakage properties of rock aggregates.
Mineral compositions.
Rocks used in this study, that is Avja, LEP and Vandle, are selected because of their similarity in mineral composition but difference in strength so it is not expected to find strong influence from variation in mineral content. It was observed during the simulations, however, that the mineral composition influences the crack propagation mechanisms. When a crack tip meets Kfeldspar or plagioclase, the crack usually propagates across K-feldspar or plagioclase to form transgranular cracks. When the crack tip meets quartz, the crack usually changes its direction and propagates along the boundary of quartz to form grain boundary cracks, except if it coalesces with a pre-existing crack in quartz. Besides, it is found that there are many intragranular cracks in K-feldspar and plagioclase. In quartz, few cracks locate inside the grains, but grain boundary cracks are common. These observations are in agreement with several studies of the formation of microcracks from UCS tests (e.g. [4, 27] ). According to Åkesson et al. [4] , a moderate alteration of feldspars gives the mineral grains a more ductile behaviour that reduces stress concentration and cracking of the feldspar grains, which may partly explain why Vandle is stronger than Avja and LEP. However, the influence of alteration is not modelled in this study, and future investigations are needed.
Defects (i.e. cracks and pores).
The defects, that is pores and cracks, in the rock microstructures have the most important influences on the rock aggregate mechanical properties. In the microstructures of Avja, LEP and Vandle, few pores are observed, and the mainly observed defects are the cracks. The microstructural modelling indicates that it is the propagation, interaction and coalescence of the pre-existing cracks that result in the rock aggregate breakages. The micromechanical modelling reveals that the main mechanical properties of rock aggregates can be explained as long as the cracks in the microstructures of rock aggregates are seized in. Moreover, it is found that the length, number and distribution of cracks together control the rock aggregate mechanical properties. The total amount of cracks is quite similar for Avja, LEP and Vandle, that is 968, 989 and 618, respectively. However, the crack lengths and especially the crack distributions are different. The average crack lengths of Avja, LEP and Vandle are 2.345, 2.285 and 2.02 mm/mm 2 , respectively. Moreover, Avja has more than twice of the transgranular cracks compared with the other samples. In mechanical loading, the propagation of the transgranular cracks leads to the breakage of rock aggregate. Thus, the most critical microstructure parameter for the low mechanical properties of Avja is the high abundance of pre-existing transgranular cracks.
Grain size.
From the microstructure in Figure 1 obtained using the microscopic observations and image analyses, it can be seen that the mineral grains with large sizes are usually associated with a large number of intragranular and transgranular cracks, especially the K-feldspar and plagioclase minerals. As shown in the modelled aggregate breakage processes, during mechanical loading, these cracks are forced to propagate and coalesce with each other to form the final fracture patterns. Thus, the grain size influences the aggregate mechanical properties indirectly through associated cracks. For the three types of rock Avja, LEP and Vandle, the average grain sizes are 0.75, 0.48 and 0.45 mm, respectively. Thus, Avja has larger grains than LEP and Vandle, which are similar in grain size, which is probably another reason why Avja is weaker than LEP and Vandle.
5.2.4. Grain shape and spatial arrangement. During the microstructural modelling, it is found that for the minerals K-feldspar or plagioclase, grain shape does not have an important influence on the aggregate mechanical properties, because most of the crack propagation starts within K-feldspar and plagioclase to form transgranular cracks. For the mineral quartz, however, the grain shape has an important influence. When the tips of cracks meet quartz, the cracks usually propagate to follow the boundary of quartz to form grain boundary cracks. If the mineral grain has an irregular shape, it consumes more energy for the cracks to propagate further.
The lengths of perimeters, which correspond to an approximate measurement of the grain shape and spatial arrangement, are conducted for the three types of rock: Avja, LEP and Vandle using scanning electronic microscope and image analysis. The calculated perimeter density, which is defined as the perimeter length in a unit area, is 13.0, 15.7 and 16.9 mm/mm 2 for Avja, LEP and Vandle, respectively. An increasing perimeter length has a positive influence on the strength of the rock material. Thus, it seems that the measured perimeter explains why Vandle is stronger than LEP, and LEP is stronger than Avja.
CONCLUSIONS
In this study, microscopic observation, image analysis and numerical modelling are applied together to characterise the relationship between rock microstructure and breakage properties from the mechanics point of view, which is different from that usually used in engineering geology. Two methods, that is microstructural modelling and micromechanical modelling, are proposed. The breakage properties of three types of rock, that is Avja, LEP and Vandle taken from three quarries in Sweden, in single rock aggregate breakage tests and inter-aggregate breakage tests are then modelled using the proposed methods. Throughout this study, it is concluded that:
• The microstructural modelling directly integrates the microscopic observation, image analysis and numerical modelling together and provides a valuable tool to investigate the breakage properties of rock aggregates on the basis of their actual microstructure. However, due to size effects, a model with a large number of elements is needed to accurately model the rock aggregate breakage properties.
• The micromechanical modelling takes the most important microstructure properties, that is defects such as cracks and pores, into considerations and can model the major breakage properties of rock aggregate. But it may fail to distinguish the breakage properties of rock aggregate with similar microstructures.
• In general, the microstructure properties of rock aggregate work together to affect their mechanical properties. It is difficult to correlate a single microstructure property with the mechanical properties of rock aggregates. In particular, for the three types of rock Avja, LEP and Vandle in this study, crack size distribution, grain size and grain perimeter (i.e. grain shape and spatial arrangement) show good correlations with the mechanical properties. The crack length and the grain size negatively affect the mechanical properties of Avja, LEP and Vandle, but the perimeter positively influences the mechanical properties.
• The modelling of rock aggregate breakage properties in both single aggregate breakage tests and the inter-aggregate breakage tests reveals that the aggregate microstructure, aggregate shape and loading conditions influence the breakage process of rock aggregate in service. For the rock aggregate with the same microstructure, the quadratic shape and good packing dramatically improve its mechanical properties. In general, the aggregate is easiest to be fragmented in pointto-point loading condition, and then in the sequence of multiple-point, point-to-pane and planeto-plane loading conditions.
